The distribution of neutral copper oxide clusters in the gas phase created by laser ablation is detected and characterized through time-of-flight mass spectroscopy ͑TOFMS͒. The neutral copper oxide clusters are ionized by two different approaches: Multiphoton absorption of 355 and 193 nm radiation; and single photon absorption of 118 nm radiation. Based on the observed cluster patterns as a function of experimental conditions ͑e.g., copper oxide or metal sample, ablation laser power, expansion gas, etc.͒ and on the width of the TOFMS features, one can uncover the true neutral cluster distribution of Cu m O n species following laser ablation of the sample. Ablation of a metal sample generates only small neutral Cu m O n clusters for mՇ4 and nϳ1, 2. Ablation of copper oxide samples generates neutral clusters of the form Cu m O m (mр4) and Cu m O mϪ1 (mϾ4). These clusters are directly detected without fragmentation using single photon, photoionization with 118 nm laser radiation. Using 355 and 193 nm multiphoton ionization, the observed cluster ions are mostly of the form Cu 2m O m ϩ for 4рmр10 ͑193 nm ionization͒ and Cu m O 1,2 ͑355 nm ionization͒ for copper oxide samples. Neutral cluster fragmentation due to multiphoton processes seems mainly to be of the form Cu m O m,mϪ1 →Cu m O m/2,m/2ϩ1 . Neutral cluster growth mechanisms are discussed based on the cluster yield from different samples ͑e.g., Cu metal, CuO powder, and Cu 2 O powder͒.
I. INTRODUCTION
Metal oxide clusters present a wealth of properties and opportunities for the detailed study of a number of central chemical issues. They have varied properties as a function of cluster size, and one can thus follow their evolution from diatomic molecules to extended systems both experimentally [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] and theoretically. [12] [13] [14] [15] Their chemical properties are also a function of cluster size, and one can elucidate both reactivity and catalytic behavior for each cluster on an individual basis. 14,16 -19 A significant advantage of cluster studies over surface or condensed phase studies is that clusters can be isolated in the gas phase and are thus amenable to individual access both experimentally and theoretically. Such questions as ''What are the active sites or species in a heterogeneous catalytic reaction?'', ''What is the reactivity of the Cu m O n cluster?'', and ''What is the most stable structure for the Cu m O n neutral cluster?'' can then be addressed in great detail.
In this work, we focus attention on neutral clusters and thus are concerned with careful ionization of the neutral species in order not to cause cluster fragmentation in the ionization process, and thereby loss of information on the neutral clusters present in the gas phase. Ionic clusters, on the other hand, are typically studied by mass selection of individual ion sizes. 16 The study of ionic clusters is thus typically not concerned with cluster fragmentation of a parent species.
Copper oxide and copper-supported metal oxides play an important role in catalytic reactions, including methanol synthesis (H 2 /CO), 20 propylene oxidation, 21 and the reduction of NO to N 2 , 22 but the detailed microscopic properties of the catalyst in such reactions are unknown. A main path to elucidating the electronic structure and details of catalytically active materials is through cluster studies.
Copper oxide cluster ions have been studied in recent years. Gord et al. 3 have investigated collision-induced dissociation of positive and negative Cu m O n ions produced by laser desorption/ionization of copper oxide pellets, leading to a determination of Cu m O n ϩ stability. Ma et al. 4 have discussed copper oxide cluster cation production by laser ablation processes.
Small neutral clusters have been investigated by anion photoelectron spectroscopy. Wang and co-workers 6 have studied the structure of Cu 2 O x (xϭ1 -4) 5 and CuO x (x ϭ0 -6). 6 Infrared spectra of CuO and CuO 2 have been reported in solid argon matrices by Andrews and co-workers. 23 The goal of our work is to determine the catalytic behavior of neutral copper oxide cluster toward NO and CO mixtures. As a baseline for these reactivity studies, we need to elucidate the Cu m O n neutral cluster distribution generated in our apparatus by laser ablation of a solid sample and subsequent ͑supersonic͒ expansion into a vacuum system with high-pressure helium gas. Ionization of the generated neutral clusters is required to determine the neutral cluster distribution and thus, one must investigate the influence of the ionization laser on the observed cluster ion distribution. Ideally, the most gentle ionization is by single photons with energy near the cluster ionization energy threshold. We have ema͒ Electronic mail: erb@lamar.colostate.edu ployed three laser wavelengths for this process: 355 nm, 193 nm, and 118 nm radiation. Only 118 nm laser light has the requisite energy for gentle single photon photoionization of all the clusters; multiphoton ionization can deposit enough energy into a neutral cluster to cause fragmentation of the parent species following the ionization process.
In this report, we present studies of copper oxide neutral clusters to determine their distribution following laser ablation of metal and metal oxide samples and subsequent supersonic expansion into a vacuum system. The observed cluster distributions are a function of sample preparation, ionization laser timing, power and wavelength, ablation conditions, and other experimental parameters. This study, and the presentation, relies heavily on the recent work from our laboratory on iron oxide neutral clusters. 10, 11 Neutral copper oxide clusters are best generated from copper oxide powder samples and are of the form Cu m O m for mр4 and Cu m O mϪ1 for the m Ͼ4 for the most abundant species. In the presence of multiphoton ionization/fragmentation, these clusters generate ions of the approximate form Cu 2m O m ϩ 4рmр20 ͑193 nm ionization͒ and Cu m and Cu m O 1,2 , mՇ10 ͑355 nm ionization͒.
II. EXPERIMENTAL PROCEDURES
The techniques and procedures used here are similar to those reported for our studies of other metal oxide clusters, especially iron oxide. 1, 2, 10, 11 The pulsed supersonic jet of copper oxide is produced by an expansion of laser ablated (ϭ532 nm, energy/pulse ϳ1 mJ, 10 Hz͒ copper metal or copper oxide powder with 100% He or 10% O 2 /90% He carrier gas at 100 psig, through an orifice of 1 mm diameter into a vacuum chamber (1ϫ10 Ϫ7 Torr with no expansion͒. Copper foil ͑99.98%, 0.1 mm͒ and copper͑II͒ oxide powder ͑CuO, 99ϩ%) are purchased from Aldrich and copper͑I͒ oxide (Cu 2 O, 97%͒ is purchased from Fisher Scientific ͑pro-duced by Acros Organics͒. The copper foil is wrapped around an aluminum drum, and the copper oxide powder is spread and pressed onto a grooved aluminum drum. Copper oxide powder is brittle under these conditions, and it does not adhere well to the drum during an experiment. Thus, a mixture of copper oxide powder with D-glucose ͑anhydrous͒ in water ͑sugar water͒ and a mixture of copper oxide with glue are also employed as samples that will adhere well to the drum. The sugar is purchased from Mallinckrodt and distilled water is used for the mixture. The glue is made by Elmer's Products, Inc., and is mostly propylene glycol.
Laser radiation is generated by an ArF laser at 193 nm and a Nd/YAG laser for 355 nm and 118 nm. The 355 nm is the tripled Nd/YAG fundamental in a KDP crystal, and this output is used to generate the 118 nm laser ionization beam by tripling in a Xe/Ar gas mixture (ϳ1:10) in a static cell at ϳ200 Torr.
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Mass spectral features are fit with a Gaussian distribution function in order to determine a linewidth and deconvolve a shape for compound features. The usual form is employed:
͑1͒
where is the Gaussian width of the feature, and it is related to the full width at half maximum ͑FWHM͒ for the feature ⌬ 1/2 ϭ2ͱ2 ln 2ϭ2.355.
The time scale over which one can observe fragmentation of neutral copper oxide clusters during the ionization process is ϳ1 ns to 2 s; the fragmentation process is evident most effectively in the time-of-flight mass spectroscopy ͑TOFMS͒ linewidth for the mass spectral features. Given the cluster sizes encountered, the excess energy placed in the clusters by ionization laser multiphoton absorption, and the Cu-O bond energy ͑2.79 eV͒, 25 most fragmentation reactions can be expected to fall into this time window. One can expect, therefore, that linewidths Ͼ10 ns for small clusters (Cu m O n , mϽ10) and Ͼ20 ns for larger clusters (Cu m O m , mϾ10) are associated with clusters that are generated by some fragmentation process. The minimum linewidth expected for a seeded Nd/YAG should be ϳ8 -10 ns, which is the pulsewidth of the laser. Figure 1 shows the time-of-flight ͑TOF͒ mass spectra of copper oxide clusters obtained by ablating different samples of copper material: ͓Fig. 1͑a͔͒ Copper metal foil, ͓Fig. 1͑b͔͒ CuO copper͑II͒ oxide powder, ͓Fig. 1͑c͔͒ dried CuO powder with sugar water, and ͓Fig. 1͑d͔͒ dried CuO powder with glue. The powder samples, with or without solvent, are pressed onto the drum and smoothed with a razor blade both before and after drying. A smooth surface is important for reproducible cluster intensity.
III. RESULTS AND DISCUSSION
Only small clusters, Cu m O (mр3) are observed in the mass spectrum obtained by ablating copper metal foil. On the other hand, spectra obtained by ablating CuO powder samples are quite rich in Cu m O n ϩ clusters to mϾ20. These results imply that ablated metal species Cu m (m FIG. 1. TOF mass spectra of copper oxide clusters obtained by ablation of the four different samples: ͑a͒ Copper metal foil, ͑b͒ CuO powder, ͑c͒ dried CuO powder with sugar water, and ͑d͒ dried CuO powder with glue. A 532 nm laser at 2.2 mJ/pulse is used for ablation of the copper metal sample ͑a͒ and CuO powder samples ͑b͒, ͑c͒, and ͑d͒ are ablated at ϳ1.0 mJ/pulse. The spectra are obtained by 193 nm (ϳ1.0 mJ/pulse) ionization. A carrier gas of 10% O 2 in 100 psig He is employed for expansion and reaction. The feature at 38 s in spectra ͑a͒, ͑b͒, and ͑c͒ is due to pump oil. ϭ1,...,20,...) are not very reactive with oxygen molecules in the expansion gas. The various samples of copper oxide powder ͑sugar water, glue, plain͒ give essentially the same mass spectral distribution of Cu m O n ϩ as detected with 193 nm laser ionization (ϳ1.0 mJ/pulse), even though both glue and sugar water contain oxygen. One can, therefore, conclude that most of the oxygen in the copper oxide clusters comes from the CuO powder. The different distribution of cluster features for the three powder samples ͓Figs. 1͑b͒-1͑d͔͒ are due solely to slightly different experimental parameters ͑e.g., laser/nozzle timing͒ employed for the different spectra. Ablation of Cu 2 O powder gives mass spectra similar to those of Fig. 1͑a͒ for Cu metal ablation. Figure 2 shows how ionization laser timing ͑193 nm͒ relative to the nozzle opening and ablation laser firing can affect the observed cluster ion distribution. Larger clusters are observed with increased delay of the ionization laser pulse. This indicates that arrival time of clusters of each size is a function to some degree of their mass. This delayed arrival time can be due to a velocity difference in the beam for large and small clusters and/or a slower production kinetics for larger clusters. Figure 3 shows TOF mass spectra of copper oxide clusters presented for an expanded mass scale for assignment purposes. This spectrum is the same as Fig. 1͑c͒ . The structure found at each mass peak is due to isotopes of copper: 63 Figure 4 presents the TOF mass spectra of copper oxide clusters obtained by laser ablation of a sample of dried copper oxide powder with sugar water expanded with 100% He. All of the oxygen in these clusters comes from oxygen in the original copper oxide powder; sugar and water do not add oxygen to the clusters as determined by comparison with spectra from the glue based and plain copper oxide samples. Ablation laser timing with regard to the nozzle opening and ionization laser firing times does have an effect on the observed cluster ion distribution. These spectra demonstrate that the reaction between Cu and O in the plasma plume, generated by the ablation process, is influenced by the He 2 , and the only timing of the ionization laser with respect to the nozzle opening and ablation laser firing times is changed. A CuO with sugar water sample is ablated with 1.0 mJ/pulse at 532 nm and expansion gas of 100 psig 10% O 2 /He mixture gas is employed. pressure and flow ͑perhaps cooling͒ over the ablation site. The cluster distribution in the spectrum of Fig. 4͑c͒ is the same as that taken with 10% O 2 /90% He expansion gas shown in Figs. 1͑c͒ and 3 . Thus, the oxygen content of expansion gas has little effect on the observed cluster ion distribution as detected by 193 nm ionization. In fact, ablation of Cu metal and Cu 2 O powder does not generate sufficient oxygen in the plasma to enable the growth of Cu m O n clusters beyond mϭ5, nϭ2 ͓see Fig. 1͑a͒ as an example͔. Figure 5 presents TOF mass spectra as a function of 193 nm laser energy/pulse. Spectra in Figs. 5͑a͒-5͑g͒ are obtained for all the same experimental conditions except ionization laser energy. At laser energy/pulse greater than 1.6 mJ/pulse, Fig. 5 shows that the observed cluster intensity decreases until, at ϳ6 mJ/pulse, clusters larger than Cu 3 O are not present in the TOF mass spectra with significant intensity above background. At ionization laser energy/pulse below 1.6 mJ/pulse, the observed spectra of cluster ions simply uniformly decrease with reduced energy/pulse. Recall, too, that the cluster ion distribution can be tuned between large and small clusters by adjusting ionization laser timing. Therefore, one can conclude that large cluster fragmentation to small clusters by losing several Cu and O atoms ͑or CuO units͒ is not a major process in this system for ionization laser energies/pulse between 1.6 and 0.5 mJ/pulse. Such a result is consistent with our findings for the iron oxide cluster system and also with Rice-Ramsperger-Kassel-Marcus theory calculations for zirconium oxide clsuters. beam is defocused to ϳ8 mm. 11 Features in the 118 nm single photon ionization spectrum that are due to 355 nm multiphoton ionization can be identified by evacuating the Xe/Ar gas cell and using only 355 nm radiation for ionization and by observing the mass spectra linewidths of the various features ͑discussed below͒. can be expected to be between 7 and 10 eV based on a knowledge of ionization for other metal oxide clusters. Thus, one photon of the 6.4 eV and 3.5 eV lasers will not be enough energy for ionization of most species Cu m O m with mϽ25; multiphoton absorption for most metal oxide clusters is quite intense. A further demonstration of such fragmentation during the neutral cluster ionization process is given in Figs. 7 and 8 , which show detailed 118 nm ionization ͑plus some 355 nm ionization͒ assignments and linewidths at high dispersion. The sample is copper oxide with sugar water and the spectrum is that presented in Fig. 6͑b͒ , but with much greater dispersion. One can observe clusters containing hydrogen atoms (Cu m O n H) as well as copper oxide clusters. These latter additional features may also be present for 193 nm ionization spectra, but the fragmentation linewidths mask their presence. Very few, if any, of the clusters contain a carbon atom. Even at this dispersion, one can see the difference between 118 and 355 nm ionization ͓e.g., compare Cu 3 O ϩ and Cu 3 O 3 ϩ features in Fig. 7͑b͔͒ . Of course, larger clusters will tend to have larger linewidths simply due to the resolution nonlinearity of the TOFMS, but in this mass region, the effect of cluster fragmentation on the mass peak linewidths is quite obvious. Peak widths are indicated in the figures in ns. Figure 8 shows further expanded spectra of the ͓Fig. 8͑a͔͒ CuO 2 , ͓Fig. 8͑b͔͒ Cu 2 O 2 , and ͓Fig. 8͑c͔͒ Cu 5 O 4 regions of Figs. 6͑b͒ and 7. The peak widths ͓full width at half maximum (FWHM)ϭ⌬ 1/2 ] are written in Fig. 8 in ns: These widths are obtained by the Gaussian fitting as given in Eq. ͑1͒. Some of the features are seen to have a compound linewidth ͑e.g., 65 Cu 2 O 2 ϩ ), which implies a contribution to the 118 nm ionization feature from 355 nm ionization fragmentation. Extra width for some of the features may also come from the overlap between clusters of different isotope and hydrogen contents. The sharp 118 nm ionization features for small clusters are limited in linewidth by the laser focal size and pulsewidth. The FWHM for CuO 2 features ͓Fig. 8͑a͔͒ are ϳ10 ns, the laser width in time. For sharp, laser pulsewidth limited TOFMS features, the spectra are a measure of the abundance of the observed clusters in the neutral cluster distribution. Figure 9 shows the mass peaks of Cu 2 O n (nϭ0 -3) clusters and their FWHM, which are obtained by fitting a Gaussian distribution function to each peak. The Cu 2 ϩ feature has an ϳ50 ns FWHM, while the FWHM for Cu 2 O 2 and Cu 2 O 3 features are ϳ10 ns. As mentioned above, the former feature is due to multiphoton fragmentation, and the latter features can be assigned to species ionized by a single photon. The linewidth of Cu 2 O ϩ (⌬t 1/2 ϭ15.6 ns) might contain components of both multiphoton fragmentation and single photon ionization. Thus, the observed oxygen poor cluster features can have contributions from multiphoton fragmentation due to 355 nm ionization, as well as from 118 nm nonfragmenting single photon ionization. On the other hand, oxygen rich clusters are ionized by a single photon of 118 nm with no fragmentation. Note that the same tendencies are seen for the series CuO n , Cu 3 with loss of a Cu atom does not occur ͑under these ionization conditions͒. The same fragmentation scheme is also indicated in the comparison of mass spectra measured by different wavelengths in Fig. 6 ϩ ͓Fig. 7͑d͔͒ are probably too broad to be associated with the neutral cluster distribution alone and probably contain some intensity from a fragmentation event.
Ablation of copper metal and Cu 2 O powder does not give rise to large Cu m O n clusters as detected with 355, 193, or 118 nm ionization: Only clusters with mϽ4 could be observed for these samples and 10% O 2 /90% He expansion gas. Ablated Cu m must not be very reactive with O 2 molecules. The growth process for Cu m O n clusters must be of the form CuOϩCuOϩ... or of the form CuϩO in the plasma created by ablating both copper and oxygen species. Perhaps the reaction is efficient only at high ͑plasma͒ temperatures.
IV. CONCLUSIONS
Laser ablation of copper and copper oxide samples has been employed to generate copper oxide clusters in a supersonic expansion. Ionization with 118 nm radiation demonstrates that neutral cluster fragmentation does not occur by this single photon process. We are thereby able to draw the following conclusions concerning the neutral cluster distribution created in the supersonic expansion. . In both instances, the reactions must occur with the copper and oxygen atoms generated in the plasma created by laser ablation. Oxygen atoms in the clusters come from the ablated sample and not the carrier gas.
